We report first principles density functional calculations of electronic structures and energy bandgaps (∆Eg) in PbS nanowires (NW). The ∆Eg is tuned by varying the diameter of the NW -revealing the role of quantum confinement. The compressive radial strain (CS) on the NW is shown to be responsible for semiconducting to metallic phase transition. The conduction band (CB) of the NW, which has significant contribution from the excited 3d-orbital of S, is found to be more sensitive to the CS with the CB minimum shifting towards and eventually crossing the Fermi energy with increasing CS. The origin of the observed phase transition in a recent experiment is attributed to the CS on the PbS nanowire.
I. INTRODUCTION
One dimensional nanowires have become the foremost candidates in building nano transistor, optoelectronic devices, nano sensors, nano electrodes and logic circuits 1, 2, 3, 4, 5, 6 . One of the key features that dictate their suitability in these applications is their tunable electronic structure property and hence their energy band gap. In recent years, II-VI PbS hetero nanowire (NW) structures have drawn considerable interest for their potential applications in optical switches 7, 8 and solar cells 9, 10 . Controlled synthesis of PbS nanowires with diameters ranging from 1.2 nm to 10 nm have been reported 11, 12, 13 . This presents exciting opportunities to explore the tunable electronic structure property of this material in the strong quantum confinement regime 14, 15, 16, 17, 18, 19, 20, 21 . PbS in the bulk phase has a cubic close packed (CCP) structure with a near infrared direct band gap of 0.41 eV at the L point 22 . Current photo luminescence study reveals wide band gap for PbS nanowires due to a higher degree of quantum confinement 11 . Furthermore, PbS nanowires of diameter ∼1.2 nm grown in Na-4 Mica channels have been found to exhibit semiconducting to metallic phase transition at ∼ 300 K 12 . The thermal expansion mismatch at PbS and Na-4 Mica interface producing ∼3 GPa pressure on the nanowire, has been suggested as the cause for this phase transition.
Despite these progresses made in the last few years in controlled synthesis of PbS nanowires, no theoretical calculations have been reported on these systems to understand the quantum confinement effect and the origin of the observed phase transition phenomenon. In this letter, we have made the first attempt to elucidate the tunable confinement effect in PbS nanowire as well as the origin of the phase transition from electronic structure calculations.
We have used the first principles density functional theory to study the variation of the energy band gap (∆E g ) with the diameter of PbS nanowire. By varying the diameter(d) of the nanowire from ∼ 1.17 nm to ∼ 3.64 nm, the ∆E g is found to change from 1.524 eV to 0.955 eV; this is substantially higher than the ∆E g of ∼ 0.4 eV observed for the bulk PbS -clearly revealing the role of the quantum confinement. The reduced Pb-S bond length in the ∼1.17
nm diameter NW as compared to that in the ∼ 3.64 nm wire leading to a more confined charge density is found to be responsible for the observed increase in the ∆E g with the decrease of 'd' of the wire. The compressive radial strain (CS) is found to have a profound effect on the electronic properties of the NW. A semiconducting to metallic phase transition is observed when the PbS nanowire is exposed to a particular CS. The inward radial strain changing strength of the p-d hybridization between the Pb and S atoms is accountable for the metallic behavior in the strained nanowire. Thus we have identified that the observed phase transition is due to the compressive lattice strain, which may have been caused by the thermal expansion mismatch at the PbS and Na-4 Mica interface as suggested by the experiment 12 . Besides, the evolution of ∆E g with radial strain offers a tantalizing route to tune the electronic and 3 optical properties of these nanowires. The strained nanowire is found to exhibit indirect band gap behavior while the unstrained nanowire has a near direct band gap property. The calculated radial Young's modulus and the pressure for phase transition in a representative nanowire of d ∼ 1.98 nm are found to be 857 GPa and 102.8 GPa respectively.
The rest of the paper is organized as follows. In Sec. II, a brief description of the computaional procedure is given.
Results and discussions are presented in Sec. III followed by a brief summary in Sec. IV.
II. COMPUTATIONAL PROCEDURE
As atomic level structural details of the PbS NWs are not available a priori, we used the CCP PbS structure as the irreducible k-points from 4 to 6 is found to be 0.001 % while the relative difference in band gap energy is 0.01 %.
We consider the structure to be optimized when the force on an individual atom is ≤ 0.01 eV/Å. The convergence criterion for the energy during the self-consistent calculation is taken to be 10 −6 eV. The energy cut off for the plane 4 wave basis is 280 eV.
III. RESULTS AND DISCUSSIONS
First, we have performed energy band structure calculations for the PbS bulk structure to calibrate our computational approach. We have used 21 × 21 × 21 k-point grid within the MP sceme to sample the brillouin zone (BZ). The energy band diagram is summarized in Fig. 2(a) . One can notice from Fig. 2(a) that the PbS in the bulk phase is a direct band gap semiconductor. The optimum lattice parameter is 5.98Å. At the L-point the ∆E g is found to be 0.44 eV. This is in very good agreement with the 0.41 eV for ∆E g reported from the experiment 22 . It should be noted that the use of 18 × 18 × 18 k-point sampling within the MP sceme to sample the BZ yields a gap of 0.42 eV at the L-point, suggesting that convergence in ∆E g is achieved in our calculation with respect to the number of k-points, adding further confidence in our results. As discussed in the previous section, nanowires of different diameters are engineered along the observed [200] growth direction and optimized.The cross sectional view of the optimized unit cell structure from a representative nanowire of diameter ∼ 1.98 nm is shown in Fig. 1(a) . Fig. 1(b) shows the side view of four unit cells in [200] direction. First, we comment on the stability. To infer the stability of the NW, we have calculated the cohesive energy per atom (E c ) for each NW, which is summarized in Table 1 . One notes from Table 1 that the maximum difference in E c between the bulk and the NW is ∼0.1 eV; this suggests that the stability of the NWs are comparable to that of the bulk. As expected, the difference in E c between PbS nanowire and bulk
PbS decreases as the diameter of the nanowire increases. The difference in E c between NW of diameter ∼ 3.64 nm and bulk PbS is only ∼ 0.04 eV. Second, ∆E g (Table 1 ) is found to decrease as the diameter of the NW increases.
For a NW of diameter ∼ 1.17 nm, the energy band gap is found to be 1.524 eV, which decreases to 0.955 eV for a NW with diameter ∼ 3.64 nm. More importantly, we found a monotonic decrease in the energy band gap with an increase in diameter. To develop an atomic level understanding of the observed change in ∆E g , we analyzed the nearest neighbors' bond length between Pb and S atoms within the x-y plane. As the diameter decreases, the average nearest neighbor distance, l, between Pb and S is found to decrease (Table 1) , resulting in a more confined charge density. This higher degree of quantum confinement for a smaller diameter NW is resulting in an increase in its band gap.
To show the diameter dependence of the energy bands, we have plotted the Kohn-Sham energy bands for all four NWs in Fig. 2(b) . For larger diameter NW, the minimum energy point in the conduction band (CBM) and the maximum energy point in the valence band (VBM) appear at the same k point. This confirms their direct band gap radial strain respectively. The energy band diagrams under different ζ are presented in Fig. 3(a) . One can clearly notice the semiconducting to metallic phase transition at ζ = 12%. The conduction band, which has a contribution from the excited 3d orbital of S, is found to be more sensitive to the compressive radial strain (CS) with the CBM shifting towards and eventually crossing the Fermi energy with increasing CS. The contribution from the 3d orbital of S at the CBM develops a bonding character in the part of the CB wavefunction resulting in the reduction of its energy under CS. A similar effect of shifting the conduction band under compressive strain is noted in bulk Si 25 . The valence band, which is almost dispersionless, develops ∼ 0.4 eV dispersion width under compressive radial strain. We have also plotted the wavefunction for the valence and conduction bands at the Γ-point for three different ζs in Fig.   3(b) . A distinct change in the wavefunction due to the change in the hybridization strength between Pb and S under CS is clearly evident from Fig. 3(b) . For the NW with d ∼ 1.17 nm, the semiconducting to metallic phase transition occurs at about ζ=13 %.
To calculate the amount of pressure required for the phase transition, we have plotted the relative deformation potential energy (E ) as a function of ζ in Fig. 4 for the NW of diameter ∼ 1.98 nm. The excellent parabolic behavior of E from Fig. 4 allows us to use Hooke's law to determine the radial Young's modulus, Y r , which is defined as:
. z 0 is the length of the unit cell (0.6 nm) at ζ = 0. From the second derivative of the deformation potential E, we have calculated the
δζ 2 as 1.9692 eV. Subsequently, the
δr 2 is obtained by using the undeformed radius r 0 =0.988 nm. The Y r is found to be 857 GPa. To calculate the amount of pressure (P ) required for the semiconducting to metallic phase transition (ζ = 12%), we follow the simple relation P = Y r ∆r r that yields 102.8 GPa for the value of P. For the NW of d ∼1.17 nm, using the same Y r , the P is found to be 111.4 GPa. These values are found to be higher than the reported pressure (∼3 GPa) for the phase transition estimated using the bulk modulus (∼127 GPa) of PbS 12 . The substantial difference between experiment and theory can be attributed to the lower bulk modulus value 12 used to estimate P in the experiment. The use of the bulk modulus ∼ 127 GPa for Y r 12 in our PbS nanowire (unit cell structure is shown in Fig. 1a ) with d∼ 1.98 nm at the Γ point for three different ζs. Isosurface value is remained fixed at 1.
calculation would yield P =15.2 GPa for d∼ 1.98 nm, and P = 16.5 GPa for d∼ 1.17 nm. These are about five times greater than the experimentally obtained P . In addition, the calculation reported here is for uniform, pristine, and defect free PbS NWs, unlike the experimental case, where the PbS NWs are grown within the Na-4 Mica channels in different directions.
It is well known that the energy bandgap obtained from the ground state Kohn-Sham approach does not represent the actual quasiparticle gap measured in the experiment. Thus, it is important to discuss whether the many-body correlation effect, which has been found to be significant for small diameter NW, affects the ∆E g obtained from GGA based DFT. It has been shown in Si-nanowire that the energy gap obtained using local density approximation (LDA) is significantly smaller than the observed value, which can be corrected by using self-energy correction within the GW approximation 26 . However, a recent Configuration Interaction (CI) based study in Si nanocrystal suggests that excited state correction method does not make notable difference as compared to the GGA based DFT 27 . In addition, numerous studies have also confirmed the usefulness of DFT in predicting the trend of energy band gap in nanowires 25, 28, 29 . Thus, the trends in ∆E g that we have observed in PbS nanowire is not expected to change. 
IV. SUMMARY
In summary, using the density functional approach we have probed for the first time the variation of energy band gap in PbS nanowire with its diameter. We are able to tune the ∆E g of the PbS nanowire from 0.955 eV to 1.524 eV by varying the diameter from ∼3.64 nm to ∼ 1.17 nm. This ∆E g is substantially higher than the near infrared direct band gap of 0.41 eV observed for the bulk PbS. The compressive radial strain on the NWs is found to have a significant effect on their electronic properties. A semiconducting to metallic phase transition occurs at ζ= 12 % for a representative NW of d ∼ 1.98 nm. In addition, we have also observed the strained NW to have an indirect band gap behavior in contrast to the near direct band gap property of the NW. The conduction band of the NW, which has a significant contribution from the excited 3d-orbital of S, is found to be more sensitive to the compressive radial strain. The contribution from the 3d-orbital of S at the conduction band minimum develops a bonding characteristic in the part of the CB wavefuntion, resulting in an energy reduction under CS with the CBM shifting towards and eventually crossing the Fermi energy. Thus, unambiguously, we have identified that the observed phase transition in the recent experiment is due to the CS. The tuning of the electronic structure and hence the bandgap in PbS NWs by varying the diameter of the NWs as well as the external strain on the NWs opens up a new route for their potential applications in nano electronics, optical switches, and solar cells.
